Trophozoites of the primitive protozoan Giardia lamblia have been considered as cells which do not present the Golgi complex. Using C 6 -NBD ceramide, which has been shown to label the Golgi complex of mammalian cells, labelling of the perinuclear region of G. lamblia was observed by confocal laser scanning microscopy. Transmission electron microscopy of thin sections and of replicas of freeze-fractured cells revealed the presence of concentric perinuclear membranes resembling the Golgi complex. ß
Introduction
Eukaryotic cells are usually highly compartmentalized, containing the nucleus and several organelles such as mitochondria, peroxisomes, lysosomes, etc. In addition, an elaborate endomembrane system formed by the endoplasmic reticulum (ER) and the Golgi cisternae and vesicles give to the cell cytoplasm a certain complexity in its structural organization. The analysis of the ¢ne structure of several anaerobic protozoa has shown that some of them lack typical organelles such as peroxisomes and mitochondria, as occurs with Entamoeba, Trichomonas and Giardia [13 ] . In addition, Entamoeba and Giardia lack a typical Golgi complex with organized and parallel cisternae, although a membrane system resembling this organelle was described in Entamoeba [13] . Members of this group of organisms have been considered to be living relics of the earliest phase of eukaryotic evolution and it was postulated that they have diverged from a common eukaryotic ancestor before the symbiotic origination of mitochondria or other energyconverting organelles [4] . Other specialized structures such as the hydrogenosome in Trichomonas [5^7] and the peripheral vacuolar system in Giardia [8] are also of interest from an evolutionary point of view.
Giardia and Trichomonas have been considered as excellent models for evolutionary studies because Trichomonas may have a modi¢ed mitochondrion, the hydrogenosome, and Giardia may have gained and lost a mitochondrion structure [9, 10] . Even the endomembrane system formed by the ER and the Golgi varies signi¢cantly among these cells. For instance, a highly developed Golgi is seen in Trichomonas [11, 12] while a typical Golgi is not observed in Entamoeba and Giardia trophozoites [13^15].
Previous morphological studies indicate that the trophozoite form of the most primitive eukaryote Giardia lamblia does not present a typical Golgi [16, 17] , although this organelle can be visualized during the process of transformation of trophozoites into cystic forms [15, 18] . In this study, we studied some aspects of endomembrane structures of an important intestinal parasite of humans, G. lamblia. Confocal laser scanning microscopy of cells labelled with C 6 -NBD ceramide, a probe widely used to identify the Golgi complex of mammalian cells [19] , con-¢rmed the presence of a Golgi-like structure in trophozoites. Transmission electron microscopy of thin sections and replicas of quick frozen, freezefractured and deep-etched cells revealed the endomembrane system of trophozoites of G. lamblia. The results obtained are described in this paper.
Materials and methods

Parasites
Trophozoites of the Portland-1 strain of G. lamblia [20] were cultivated in TYI-S-33 medium supplemented with 10% heat-inactivated bovine serum and 0.1% bovine bile at 37³C [21] . Subcultures were made twice a week and vials containing cells that had grown for 72 h (late exponential phase) were incubated on ice at 4³C for 15 min. The free parasites were harvested by centrifugation at 500Ug for 7 min and washed three times in 0.1 M phosphate bu¡er (pH 7.2) plus 0.85% NaCl (PBS).
Fluorescence microscopy
Trophozoites were collected by centrifugation, washed in 199 medium without bovine serum as de-scribed above and allowed to adhere to coverslips previously coated with 0.1% poly-L-lysine in PBS. Then, the living cells were incubated in a solution containing 0.9 Wl ml 31 C 6 -NBD ceramide (Molecular Probes), 0.68 Wg ml 31 bovine albumin (Sigma Chemical) in 199 medium, pH 7.2, for 10 min at 37³C in the dark. Subsequently, the cells were washed several times in 199 medium and incubated again for 20 min as described above. Then, the coverslips containing the cells were mounted and observed in a Zeiss Confocal Laser Scanning Microscope (Laser 488/ LP515).
Transmission electron microscopy
The cells were collected by centrifugation at 500Ug for 7 min, washed three times in PBS (pH 7.2) and ¢xed in a solution containing 2.5% glutaraldehyde in 0.1 M cacodylate bu¡er, pH 7.2. Thereafter, the cells were washed as described above and post-¢xed for 60 min at 4³C in a solution containing 1% osmium tetroxide, 0.8% potassium ferrocyanide in 0.1 M cacodylate bu¡er. Subsequently, the cells were washed three times in bu¡er, dehydrated in acetone and embedded in Epon. Thin sections were stained with uranyl acetate and lead citrate and observed in a Zeiss 900 transmission electron microscope.
Localization of glucose-6-phosphatase
The cells were collected by centrifugation, washed and then ¢xed for 30 min at 4³C in a solution containing 1% glutaraldehyde and 1% formaldehyde in 0.1 M cacodylate bu¡er, pH 7.2. After that, the cells were softly scraped o¡ and incubated for 30 min at 37³C in medium designed for localization of glucose-6-phosphatase activity, which consisted of 5 mM MgCl 2 , 4 mM CeCl 2 , 5 mM glucose-6-phosphatase in a 0.06-M Tris-maleate bu¡er, pH 6.5 [22] . After incubation, the cells were washed with cacodylate bu¡er, post-¢xed with osmium tetroxide and processed for transmission electron microscopy as described above.
Quick-freezing, freeze-fracture and deep-etching
The cells were collected by centrifugation at 1500Ug for 10 min and ¢xed in 2.5% glutaraldehyde in 0.1 M cacodylate bu¡er (pH 7.2) for 2 h at room temperature. After that, the cells were rinsed six times in distilled water followed by centrifugation and small drops containing the cells were placed on a specimen support disk that was designed for the Balzers freeze-etch apparatus. The specimen disks were a¤xed to the plunger of a Med Vac rapid freezing device assembled for`slam' freezing against a copper block which was cooled by liquid nitrogen. Subsequently, the specimen disk was rapidly transferred to the Balzers apparatus operating at a vacuum of 2U10 36 Torr. Only one pass with the microtome knife was made so that the fracture plane was about 10 Wm from the surface of the impact to the copper block. After fracturing at 3115³C, the temperature was raised to 3100³C for 5^10 min for etching. Platinum was evaporated onto the specimen at an angle of 15³ when the specimen was rotated. Carbon was evaporated at an angle of 90³. Replicas were cleaned in a series of bleach and distilled water, mounted on 200-mesh grids and observed in a Zeiss 900 electron microscope. Figures illustrating this technique were printed so that regions containing evaporated platinum were light and regions lacking metal were dark [23] .
Results and discussion
We used the £uorescent dye C 6 -NBD ceramide to label the trophozoites of G. lamblia. It has been shown that it is internalized by the cells and cleaved and the £uorescent derivative ceramide accumulates in the Golgi in higher eukaryotes, demonstrating evidence that sphingomyelin and glycosphingolipid synthesis take place in the Golgi [19, 24] . In most of the cells examined up to now, C 6 -NBD ceramide stained the perinuclear region, where the Golgi complex is usually located. In the case of trophozoites of G. lamblia, we observed a heavy staining in the region around the two nuclei (Fig. 1) . In some cells, a crescent staining pattern, resembling that reported for other cells which present a typical Golgi complex, was observed [25, 26] . Lujän et al. [15] , working with ¢xed trophozoites, did not observe signi¢cant staining of G. lamblia trophozoites incubated in the presence of NBD ceramide. However, staining was observed in ¢xed encysting trophozoites. At present, we do not have a clear explanation for the fact that we observed staining of typical trophozoite forms. We worked with trophozoites at the exponential phase of growth. For this reason, we consider that most of the cells at this phase would not be in the encysting form. It is important to point out that activity for UDP N-acetyl-D-galactosamine transferase could be detected in trophozoites [26] .
Transmission electron microscopy of thin sections revealed the presence of a parallel array of 5^8 cisternae resembling a Golgi complex in the perinuclear region of many cells (Fig. 2a ). Occasionally, they showed a concentric organization, leaving a less dense region where glycogen particles concentrate ( Fig. 2b) . Perinuclear Golgi-like stacks were also reported by McCa¡ery and Gillin [18] .
We also observed the presence of a signi¢cant number of pro¢les of the ER that was especially evident when the cells were incubated in a medium designed for the detection of glucose-6-phosphatase, a classical enzyme marker of the ER [22] (Fig. 2c) . The ER cisternae were seen in connection with the membrane of the nuclei and irradiating towards the Fig. 2 . Thin sections of conventionally processed (a,b) and of cells incubated in a cytochemical medium designed for localization of glucose-6-phosphatase. In conventional thin sections, it was possible to observe cisternae in a parallel array (a), some of which in a concentric array, surrounding a less dense region rich in glycogen particles. Typical pro¢les of the ER can be seen after labelling for glucose-6phosphatase (small arrows in c), even in the nuclear membrane. In some cells, strongly labelled cisternae in a parallel array are evident (arrowhead in c and arrow in d). a: Bar, 550 nm. b: Bar, 150 nm. c: Bar, 600 nm. d: Bar, 350 nm. dorsal and ventral portion of the protozoan. Proximity of the cisternae with the adhesive disc was evident ( Fig. 2d) . At some regions, parallel and organized glucose-6-phosphatase positive cisternae were observed (Fig. 2c,d) . They showed a organization typical of the Golgi complex. Although this enzyme has been considered as a typical marker of the ER of mammalian cells [22] , it was also observed in the Golgi complex of Tritrichomonas foetus [27] .
The presence of a parallel array of perinuclear membranes resembling a Golgi complex could be better visualized in replicas of quick frozen, freezefractured, deep-etched and rotary-replicated cells (Fig. 3a,b) . In favorable fracture planes, connections between the cisternae, resembling those reported in the Golgi of T. foetus [11] , were observed.
Taken together, the available data indicate that trophozoites of G. lamblia possess membrane cisternae, mainly localized at the periphery of the nuclei that corresponds to elements of the Golgi complex. These cisternae seem to be more stable during the encystation process. At present, it is not completely clear what factors are involved in the assembly and maintenance of an intact Golgi complex. Studies using drugs such as brefeldin A have shown that it is possible to disorganize the Golgi complex of mammalian cells into vesicles which are distributed throughout the cytoplasm [28] . Even when cells enter mitosis, the Golgi complex disassembles [29] . GTPases such as rab 1 seem to be involved in the maintenance of the Golgi complex [30] . It is possible that organisms such as Entamoeba and Giardia lack molecules involved in the maintenance of a more stable association of membranes which make a typical Golgi complex.
